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ABSTRACT

Further evidence is presented for the presence of a persistent periodicity somewhat in excess of 2 years duration.
Its existence can be shown in the surface temperature at widely separated stations along two meridians from Norway

to South Africa and from Canada to Cape Horn.

Time series analysis by means of a narrow band-pass filter indicates

phase relations among the stations, the most important of these being that the intertropical regions appear to be

mutually in phase and that the higher-latitude stations are out of phase with the tropieal stations.

In the Northern

Hemisphere, at extratropical stations, the amplitudes of the pulse are largest when the pulse extremes coincide with

the winter months.

1. INTRODUCTION

Search for rhythmical phenomena in the atmosphere
has fallen into some state of disrepute among meteorolo-
gists during the past two decades. This has been a natural
reaction to the many spurious cycles which were claimed
to exist in atmospheric phenomena. Some  of these
rhythms appeared and then vanished again and without
reasonable physical explanations they were rarely more
than some statistical will-o’-the-wisp. Especially, the
search for solar cycles was disappointing in observations
from the lower atmosphere although their existence in
ionospheric data could hardly be disputed.

It was, therefore, quite intriguing when a remarkable
cyclical phenomenon was discovered in 1961 in the wind
and temperature field of the equatorial stratosphere
{13, 14, 17, 18]. The period of these phenomena was in
the range from 23 to 29 months. The observations
sufficed only to trace this back for about three full oscil-
lations but evidence for a similar fluctuation reaching
into the moderate and higher latitudes made it appear
that this seemed indeed to be a widespread feature of the
high-level circulation (1, 2].

Quite independently a similar periodicity was discovered
in the concentration of atmospheric ozone in the Southern
Hemisphere. This not only widens the geographical
horizon but may also extend the influence of this oscil-
lation to very high levels [7].

2. DISCOVERY OF THE PULSE

By the same token 1t had long been known that pulses
of the length around or slightly above 2 years could be

- available and the series are much longer.

found in surface data. This was first discovered by
Clayton [6] in the 1880s. We noted it again in our
detailed analysis of the carefully scrutinized Woodstock,
Md., data {11]. In the temperature series, covering the
interval from 1870 to 1956, the 2.1 year pulse stood out
among all others in the power spectrum. As a matter of
continuity part of this spectrum is shown again in figure 1.

A fairly exhaustive survey of the literature [10] revealed
that periods from 2 to 2.5 yr. have been found by a score
of investigators in a variety of series of surface observations.
including temperature, precipitation, and pressure data.
In most cases this was only one cycle among others.
Although its statistical significance appeared well secured,
none of the earlier investigators attempted to attribute
causes to it. A connection to the Southern Oscillation
already suggested the worldwide aspect of the phenomenon
[4]. But it is evidently also present in polar regions [9].

In spite of the fact that this pulse is deeply embedded
in general atmospheric ‘“‘noise” in the surface data it

~seemed worthwhile to pursue it further in such material.

One could not expect to get such well-developed and
isolated cycles as were found in the tropical stratosphere.
In fact, at the surface, this fluctuation which we called
the biennial pulse contributes only a few percent of the
variance in the monthly-averaged data. On the other
hand, there is a much larger amount of surface material
If any signifi-
cance 1s to be attached to this pulse at all then its
persistence through a long history and its geographical
distribution might lead us to further interpretations.
The existence of a pulse of similar length in lake levels,
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Ficure 1.—Power spectra of monthly mean temperature at selected stations, showing first 30 harmonies from analyses with maximum lag

of 132 months.

Data were ‘“‘prewhitened’”’ to remove annual march by the formula 7"=T—7TT+ T, where 7T is the record-mean

temperature in the same. month as 7, and % is the record-mean annual temperature. "Fitted ‘“red noise” continua, and their 95
percent confidence limits in the neighborhood of the biennial pulse, are shown by the smooth curves (see text).

varves, and, perhaps, tree rings suggests that we are
concerned with a very long-lived [10] element of the
atmospheric circulation.

3. POWER SPECTRA OF TEMPERATURE SERIES

Through power spectrum analysis, evidence for the
presence of this pulse has been found in various other data
series. Thus we found it as the most prominent peak of
an otherwise “white” spectrum of the combined tempera-

tures of 13 Midwestern and Great Plains stations. An
analysis of the long combined temperature series (for
Vienna, Berlin, deBilt) of Baur [3] also showed this as
the most prominent cyeclical feature for the interval 1761
to 1953 [10].

In figure 1, added to the Woodstock spectrum already
mentioned, are further series of spectra in which this
pulse is evident. These cover extended time intervals at
Toronto, Ontario, Canada; Uppsala, Sweden; and Quito,
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Ecuador. In each of these spectra, the biennial peak,
centered near harmonics 10 and 11, is found to be signifi-
cant at the 95 percent level when referred to a null-hypoth-
esis continuum of red noise [8] shown by the smooth
curve.'

A further argument in favor of the reality of this
oscillation is the fact that it is common to locations sepa-
rated far beyond the limits of the usual high spatial
correlation. Thus one might have attributed to spatial
correlation the effects in Sweden and central FEurope, or
those in Canada, the Midwest, and the Middle Atlantic
area, but the prevalence of the pulse in data from three
continents stamps this as a feature of the general
circulation at large.

4. FILTERED SERIES

Rather than to analyze further series as power spectra
it seemed more interesting to relate phases and amplitudes
of the biennial pulse at various localities. For this purpose
several long series were subjected to a band-pass filtering
technique suggested by Brier [5]. By this technique, it is
possible to filter out all frequencies of variation in a time
series except those near a preselected frequency of interest,
and at the same time to preserve amplitude and phase
information concerning the latter with a very high degree
of fidelity.

In particular, we used a 55-term weighted moving-
average filter with the weight values shown in table 1.
The response of this filter (applied to monthly data) is
anity at a period of 24 months, and falls gradually to
zero at periods of 13% on the high-frequency side and of
about 60 months on the low-frequency side, remaining
virvually zero outside these limits. In other words, the
filter in table 1 passes with negligible distortion of phase
and amplitude all fluctuations with a period near 24
months, and also passes (with more or less reduced ampli-
tude) all fluctuations with periods not exceptionally
longer or shorter than 24 months. In this way, irregular
variations of phase, exact period, and amplitude of a
“biennial pulse’” can be followed through the full length of
the time series subjected to the filter.?

The data chosen for band-pass filter analysis are from
stations along two meridans, 70°-80° W. and 10°-20° E.
It was hoped in this way to sample the dependence of
phase and amplitude of the biennial pulse on both latitude
and intercontinental differences of longitude. Although
the series of pressure values have been analyzed along
with those of temperature at the selected stations, the
results reported here pertain almost exclusively to tem-

1In each spectrum in figure 1 (except that for Quito), the continuum is given by the

sum of two appropriately weighted Markov red-noise spectra with parameters estimated
from the shape of the corresponding autocorrelation function (see [8] footnote 3). The
spectrum for Quito is unusual in that only pait of its variance could be attributed to
Markovian persistence; hence its continuum is shown as a fractional part of a single
Markov component.

2 Jf the last 27 values of a time series are averaged, and the series is extended 27 additional
months by entering this average 27 times, application of the filter in table 1 to the aug-
mented time series will preserve phase (but not amplitude) information about the biennial
pulse right up to the ending date of the series. The beginning of a series may be similarly
extended if desired. -
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TaBLE 1.—Weights for band-pass filler with maximum response al
period of 24 months. Total number of weights is §6. Values are
symmelric about central weight (No. 0). Filtered value of time
series belongs to date assoctated with central weight

‘Weight number Value ‘Weight number Value

0 (Central weight) 0602 —14,14 ~. 0334
- 11 L0577 ~1515 ~10253
— 2,2 . 0512 -16, 16 —-. 01656
- 33 -0410 1717 — 0079
— 14 0279 ~1818 10000
- 55 10133 -19,19 0065
— 6.6 —lo017 —20,20 L0115
- 7,7 —. 0158 —21,21 0147
- 88 —.0279 ~29)3 0163
- 9,9 — 0372 —2333 0165
—10,10 - —. 0431 —24,24 0156
—11,11 —. 0454 —25,25 0140
1212 — 0442 —26,26 0121
—13)13 —. 0400 —o7,27 0100
perature. 'This is because the biennial peak in the spectra

of pressure at most of the stations was found not to be as
marked as that of temperature. Inasmuch as the filtering
procedure produces of necessity a rather regularly periodic
output even for purely random series, it was felt that the
results for pressure might be dominated by irrelevant
random noise effects.?

Interpretation of the results for temperature must
properly allow for random noise effects also. The spectra
in figure 1 indicate that roughly half of the variance of
temperature derived from periods near 2 yr. is associated
with background “red mnoise”. Some distortion of the
biennial pulse in the filtered series is therefore to be antici-
pated, especially at times when the pulse itself is compara-
tively weak.

The filtered temperature series are shown in figure 2
for a selected 40-vr. period of record 1908-1947. They
are arranged in geographical order of latitude along each
of the two meridians, and all are scaled in units of °C.

As a measure of the practical significance of the biennial
pulse in surface temperature, the median and maximum
double amplitudes of the pulse in the period 1908-1947
are compared in table 2 with the mean 10-yr. range of
annual mean temperature in the same period.* Table 2
shows that the median amplitude to each location approxi-
mates to half of the 10-yr. range, and that the maximum
amplitude tends to exceed the range somewhat. However,
since about half of the variance in the filtered series
derives from noise the importance of the real pulse is
about one-third less than that suggested in table 2.

5. PHASE RELATIONS

Inspection of the data in figure 2 leads one to the

following conclusions.
(a) Western Meridian (70°-80° W.). The pulses at
Quito {on the equator) and Colén (9° N.) are consistently

4 It should be remarked that a study of meridional pressure gradients may be more
pertinent to a physical understanding of the biennial pulse. Such a study is heing
planned by the writers.

4 The mean 10-yr. range was chosen in lieu of the total 40-yr. range to deemphasize
the effect of secular trends in the series.
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TaBLE 2.—Comparison of median and mazimum amplitudes of
biennial pulse of temperalure with range of annual mean tempera-
ture, in period 1908~1947. Data shown in °C. for all stations in
figure 2 having complete record in period

Double amplitude of | Mean 10-yr.
biennial palse range ol
Station annual
temper-
Median | Maximum ature
Uppsala, Sweden________ . _____ 1.4 4.2 2.9
Vienna, Austria.__..__________._________________ 1.4 3.0 2.2
Toronto, Canada_ 1.4 4.0 2.7
Charleston, U.8.A 1.0 2.4 1.6
Port-an-Prince, Haiti 0.4 0.8 1.1
Colén, C.7Z__._______ 0.4 1.0 1.3
Quito, Ecuador 0.4 1.2 1.1
Cape Town, So, Africa_ - 0.6 1.2 1.0
Punta Arenas, Chile_...__.._____._______.____.. 0.6 1.4 1.2

in phase. The pulse at Port-au-Prince (19° N.) is also
in phase with these during the first half of the 40-yr.
record, but varies independently thereafter. The pulses
at Charleston (33° N.) and at Toronto (44° N.) are mutu-
ally in phase, and both are consistently about 1806° out
of phase with those at Quito and Colén. The pulse at
Punta Arenas (53° S.) has some tendency also to be out
of phase with those at Quito and Colén, and in phase
with those at Charlestown and Toronto; however this last
relationship is quite vague.

(0) Eastern Meridian (10°-20° E.). The pulse at
Livingstone (18° S.), the only station on this meridian
located rather near the equator, has some tendency to
remain out of phase with those at Vienna (48° N.),
Uppsala (60° N.), and Gjesvar (71° N.). The latter
three are all consistently in phase with one another.
Based on the short available record at Biskra (35° N.),
the pulse in North Africa is not clearly related in phase
to the pulses elsewhere except perhaps at Cape Town
(34° S.). The pulse at Cape Town tends only loosely to
be out of phase with the pulses at Livingstone and Biskra.

(¢) Comparison between meridians. On examination of
the phase relationships between stations along different
meridians, some conclusions are the following. Among
the higher northern-latitude stations, the phase relation-
ship between meridians is not systematic..- In the high
southern latitudes, however, the pulses at Cape Town and
Punta Arenas are found to be quite consistently and
almost exactly 180° out of phase during the full 40-yr.
period.

In the Tropics, a conclusive evaluation of the phase
relationship between meridians is complicated by the
rather dissimilar station latitudes. The most logical
comparison would appear to be one between Quito and
Livingstone. The pulses at these locations are consistent-
ly in phase with one another between tbe beginning date
of the Livingstone record (1918) and 1934, but bear a
shifting relationship thereafter (1934 to 1948). This
result is particularly interesting in view of the fact that,
since 1954 at least, the phase of the biennial stratospheric
wind oscillation has been very similar at widely separated
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TABLE 3.~—Number of marima in biennial pulse occurring each
month of the year, 1908=1947

Month [E——
Station Total
[
J F.M A.‘M'J J1A|l 8O0 NID
|
|
Uppsala__. .. ______.____ 4 ’ 51 4 20 __[-_._ e 20 20 1 20
Vienna_.__. PR B 5 1 1 1. v | 8 29 2 21
Toronto... 302 2 2 2 1) vy} o)1y o2 19
Charleston___ LI TR T T U I | ) (RO PR B | 11 380 1 19
Port-au-Prine 1 4 3 2l 30 21 12 19
Colon.__.._.____ e} 2 3 - 2 2. 1 3 2 3 18
Quito___.._______ - 3 3 2 2 1{....] 1 1 2 1j...| 2 18
Cape Town._. oo 3 2 X 2 2 2 2 1 3 (... 18
Punta Arenas_.___.______ 1 [ 21 27 2 4 I 240 2 ‘ 3. 1 ‘ 1 20
1 1 i

longitudes in the Tropics [14]. Our result would imply
that this may not be true at all times.

To summarize the conclusions concerning phase, a
rather abrupt reversal of phase appears to exist along
both meridians between the Tropics and extratropical
latitudes, particularly in the Northern Hemisphere. The
latitude of this phase reversal is evidently near the axis of
the subtropical high-pressure belts, delimiting the Hadley
cell of the general circulation. This is in line with phase
changes found in stratospheric temperature, at about the
same latitudes, by Angell and Korshover [2]. In the
tropical zone along both meridians, the pulse is in mutual
phase for part but not all of the 40-yr. period of the
analysis. In the higher southern latitudes, the pulse is
uniformly out of phase between the two meridians, but no
corresponding relation is obvious in the higher northern
latitudes.

Amplitude variations of the pulse, appear not to have
any systematic relationship at the different stations. It
may tentatively be concluded that the spatial correlation
of pulse amplitude decays with distance at a rate compa-
rable to that of climatic temperature in general. At most
of the stations, there is some tendency for the amplitude
of the pulse to oscillate with periods between about 7 and
9 yr.

An especially noteworthy aspect of the biennial pulse is
its tendency to become locked in phase with the season of
the year. This is evident from table 3, which shows for
each full-record station in figure 2 the number of times the
pulse reached a- maximum in each month of the year
between 1908 and 1947. At all the Northern Hemispherie
stations, there is some preference for the maxima to
occur in winter (especially January, February, and March),
Quito, on the equator, appears to be in step with the North-
ern Hemisphere in this respect. On the other hand, the
phase of the pulse at the Southern Hemispheric stations
shows a much weaker seasonal locking, tending merely to
avoid the high-summer months (December and January).
“o.clarify further the ‘matter of phase locking with
season, the entire temperature series at two of the longest
record sstations: in thisi study (Uppsala and Charleston)
were filtered in the same way as before. The results,



554 MONTHLY WEATHER REVIEW OCTOBER-DECEMBER 1963

TaBLE 4.— Number of mazima and minima in biennial pulse occurring -1 —
each month of the year, and mean double amplitude (°C.), based on 1
Jull period of record at two stations :

18
Month -
JFMAM]J JIASO!ND
" AS
Uppsala, Sweden, 1855-1850 (96 yr.) =
Numbermaxima___110 {6 [7 [5 |6 (1 |3 [1 |3 |1 1 |1 . 1 ' o
Number minima.__| § 6 8 4 4 5 1 4 3 2 1 5 I I . =
Mean amplitude | 21 [ 24| 3.0 1.4 1.6 | 17120 0.6 09|21 /0.9 1.7 ES
Charleston, U.S.A., 1823-1950 (128 yr.) d.., J - %
gt @ 2
Numbermaxima.__it 11 {8 (6 {2 |4 |2 |3 jo J1 |5 |13 LI 2 I
Number minima___{13 |10 6§ 5 4 4 2 1 1 3 [ 10 Lt v
Mean amplitade. 2[ 1.3 [ 1.5 1.0 10|09 |08 |04]05]01|{09| 12| 12 wd 2
1. T o -
SRS =
=
N 55
1 g
] - =
. -4 e =i
summarized in table 4, indicate that the pulse phase at e 2 &
. . . IR =}
both stations leans strongly toward winter.® This is IR MRES 2
shown not only by a higher frequency of maxima and B | 48 &
minima reached during winter, but also by a larger mean Jh O - o
amplitude of the pulse at times when its extremes coin- I R g
cide with winter. If the fundamental period of the RS R Az £
biennial pulse is not precisely 2 yr., then such behavior o :f:' 3
not only implies some sort of modulation of pulse ampli- -4, o 8
tude by the annual march of relevant climatic variables, B B 12 =
but also a tendency for the shape of the pulse to be dis- B I g
torted when the maxima and minima occur other than in j - 2 g
winter. 1 ¢ b
The 7- to 9-yr. oscillation of pulse amplitude at many DT B S
stations, mentioned earlier may be a different manifesta- : I 100 2 %
. . . > o
tion of the same modulation phenomenon, inasmuch as a 10 —i" =
pulse whose fundamental period is 27-28 months would IR MUY 2
pass through 3 cycles in just about 7 yr., 3% cycles in 8 . B 48 g
v 1 6 ' -
yr., and 4 cycles in 9 yr. ERUDS I 3
] e =
N e "
6. LONG SERIES RS 2
Lot ] ]
. = (R ) =
The filtered temperature series for the full length of a } = &
available records at Uppsala and Toronto are shown et s
respectively in figures 3 and 4. The similarly filtered . ] é
series of sea level pressures at Toronto is alse shown in - T" &

figure 4. These series raise some interesting questions.
First, some of the earliest known references to the bi-
ennial pulse in temperature, made around the turn of the
century by Clayton [6], Woeikof {20, 21}, and Wallén
[19], followed an epoch in which the pulse sometimes
reached exceptionally large amplitudes. The pulse may
therefore have seemed a rather natural subject for investi- ar
gation at that time. Second, the biennial pulse in Toronto
pressure is typical of the situation at the other stations

i
1875

B RN ST
1
1870
FigURrE 3.

1
1865

1
1860

3 Nonetheless, some investigators have noted the oscillation in indices of summer heat,
such as Sutton {16) for London and Schindler {15] for Frankfurt am Main. I

8 [t may be added that a 27-28-month cyele would again be in phase with the (winter)
season after from 6 to § cycles, or at intervals of from about 14 to 17 yr. This is comparable
to the intervals between the spells of outstandingly large-amplitude pulses at. Toronto
and Uppsala, for example. '
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we studied in showing no systematic phase or amplitude
relationship with the corresponding temperature pulse.
On the other hand, the Toronto pressure pulse is unique
in showing a rather striking variation of amplitude at
intervals of about 19 or 20 yr. (since 1887). Although
possibly only spurious, this phenomenon is the more
intriguing because it coincides with a similarly regular re-
currence of wet and dry periods in the Central Plains of
the United States [12]. The periods of large pulse ampli-
tude in Toronto pressure coincided with wet periods in
- the Plains, and those of small pulse amplitude with dry
periods,
7. CONCLUSIONS

Our data leave no doubt that the pulse, slightly in ex-
cess of 2 years in period, is a worldwide phenomenon. They
also show that this has been a fairly persistent feature
during the past century. Although there is no definite
prool of this as yet, it appears reasonable to suppose that
the intertropical region may be the seat of the per-
turbation. This we hope to explore further in studies of
time series of pressure gradients.
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